Abstract-Electronic paper, or e-Paper, for use in displays has seen rapid growth in the past decade because of its potential as an alternative to traditional transmissive displays. Offering several critical advantages over current display technologies, including high contrast in direct sunlight, wide viewing angles, and compatibility with flexible substrate processing, electrowetting displays (EWDs) have made it to the forefront of e-Paper research and development efforts. Here, we describe a new design for the fabrication of multi-color, bistable electrowetting displays. Using a laser-based process to pattern an in-plane electrode design, liquid can be manipulated out-of-plane. This process relies on electromechanical pressure forcing water in and out of channels, causing colored oil to be displaced. When voltage is removed, the oil remains in its current position, resulting in bistability. We have demonstrated multi-color, bistable pixels that maintain their state at for several days, which drastically reduces the power required to drive the display.
I. INTRODUCTION
T HE development of alternative display technologies has been motivated by the limitations of traditional transmissive LCDs and plasma displays, in particular their high power consumption, poor performance under direct sunlight and low efficiencies. Most efforts have been directed toward the development of reflective-based alternatives known as electronic paper, or e-Paper, because of their potential to reach performance similar to that of traditional paper. In particular, electrowetting displays (EWDs) have been successfully demonstrated and offer advantages including, but not limited to, high brightness in direct sunlight, low power consumption, wide viewing angles and compatibility with flexible substrate processing [1] .
Given the significant commercialization potential of EWDs, a wide range of research and development has been conducted to design and fabricate devices that achieve the above-mentioned benefits [2] . Electrowetting for use as an optical switch for display applications was originally demonstrated by Beni and Hackwood of Bell Labs in 1981 [3] . The concept was further developed by Philips in 2003 into a more manufacturable configuration based on a simple electrowetting pixel [4] . When actuated, a change in contact angle is observed leading to a change in the shape of the droplet. By doing this, a bottom reflector is exposed effectively turning the pixel "on" and "off." Their development has led many different groups to pursue numerous research efforts, including the development of multi-color devices [5] , [6] and bistable devices for use as indicators, [4] to name a few.
While many of the current EWD techniques show promising results, the need for bistability, where power is only needed to switch the pixel but not required to maintain the pixel state once switched, still remains and is driven by the desire for low power consumption electronics. By decreasing the number of times a pixel needs refreshing, less power is needed for the display which equates to a longer battery life. e-Paper technologies that require zero power to hold the state of the pixel, however, are usually single color displays with slow switching speed, such as electrophoretic displays, [7] or use color filters to achieve color that causes a 1/3 intensity reduction [5] . Single-color electrofluidic displays have also been demonstrated resulting in a high fill factor operating at video-speed [8] . However, to become widely applicable, EWDs must be bistable, while at the same time capable of multi-color operation. Devices capable of this, using Droplet Driven Display technology [4] , have successfully been demonstrated for use as indicators; however, the geometric contrast ratio (ratio of active area compared to total pixel area) is low. Here, we demonstrate the fabrication and operation of a multi-color, bistable EWD with a significantly improved geometric contrast ratio.
To accomplish this, a new EWD architecture was designed, combining both lithographic and non-lithographic methods to achieve multi-color pixels that exhibit bistability. The ability of the pixels to exhibit bistability lies in a novel in-plane electrode design. The bottom electrode is patterned using a laser direct-write non-lithographic technique, where the conductor (indium tin oxide) is directly ablated from the surface by a UV laser. This method does not require the use of photoresists or etching steps, simplifying the fabrication process dramatically [9] , [10] . This system requires three electrodes to enable bistable electrowetting of fluids. The top electrode serves as the common electrode, while two in-plane electrodes on the bottom substrate act to facilitate fluid motion. Because this configuration only requires electrodes on the substrates themselves, the need for an additional evaporation step is eliminated. The in-plane electrode design allows for the motion of fluid out-of-plane. Once oil is U.S. Government work not protected by U.S. copyright. forced onto the pixel surface, the pixel edges provide a physical barrier, making it energetically unfavorable for the oil to change position. This electrode configuration is also well-suited for scale up from single color to multi-color displays due to the transparent nature of the materials chosen, including substrates and pixels. By stacking devices, several colors can be actuated independently, leading to multi-color displays [6] . Other designs rely on concealing fluid in hidden wells, which makes them innately incapable of multi-color display, except with the use of color filters [11] . Using this novel design, where patterned in-plane electrodes are incorporated with out-of-plane motion, paired with advanced fabrication techniques, we have successfully designed, fabricated, and characterized bistable, multi-color electrowetting devices.
II. BACKGROUND
All EWDs depend on the phenomenon of electrowetting, which relies on the modification of the wetting properties of a surface by applying an electric field. This potential difference induces a change in the contact angle between the surface and the liquid droplet by causing electric charge to gather at the boundary between the fluid and the interface. These induced interfacial forces are particularly strong at the edge of the droplet, causing the droplet to be pulled down onto the electrode, creating a macroscopic change in contact angle. When the applied field is removed, the droplet recovers its original shape, which is determined by the contact angle of the droplet. Most electrowetting devices consist of an electrode coated with a thin hydrophobic dielectric layer, which provides a large contact angle and prevents electrolysis from occurring. A more detailed description of electrowetting principles and theory can be found elsewhere in the literature [12] , [13] .
Our electrowetting design configuration is unique in that it uses an oil dye/clear water system in conjunction with a novel device design. The bottom substrate consists of two isolated electrodes: one electrode lies underneath the channels between the pixels, while the other lies directly underneath the pixels themselves. The basic operating principle of the bistable, single color electrowetting pixel is shown schematically in Fig. 1 . The top electrode does not have a dielectric layer, but simply a hydrophobic coating, which allows the water to be in direct electrical contact with the electrode. The devices have been tested both with and without this hydrophobic coating, resulting in identical functionality, which reveals that the coating is not electrically necessary. However, the coating provided a hydrophobic surface that aids in the dosing and sealing process. Thus, when applying the coating, achieving a uniform layer without pinholes was not an issue because of the knowledge that a dielectric layer on the top electrode is not required. When voltage is applied to the channel electrode, an electromechanical force is induced, pulling the water into the channel and maximizing contact with the energized electrode. During this process, the oil is displaced out of the channel onto the surface of the pixels, as shown in Fig. 1(b) . Conversely, when voltage is applied to the pixel electrode, the water maximizes contact with the electrode, moving onto the pixel and, in turn, forcing oil back into the channels as illustrated in Fig. 1(a) . Once voltage is removed, in either case, the oil remains in position, making the pixels bistable. This is due to the pinning effect of liquid at the pixel edge [14] . This result is important for the advancement of EWDs because it represents a step toward truly bistable pixels that are also straightforward to fabricate. The mechanism of this action will be discussed in further detail later in this paper.
III. EXPERIMENTAL
To fabricate these structures, a combination of lithographic and non-lithographic processing techniques was employed. Both single-sided and double-sided 5 cm 7.5 cm In O :SnO , or ITO, coated glass substrates (Delta Technologies, Ltd.) were used. The ITO layer was nm thick with a sheet resistance of 5-15 on 0.7 mm thick single-sided glass or 0.5 mm thick double-sided glass. For flexible devices, ITO-coated PET sheets with a sheet resistance of 60 and total thickness of 7 mils were purchased from Sigma Aldrich and laser-cut to 5 cm 7.5 cm pieces. The ITO electrodes were patterned using a frequency-tripled Nd:YVO (JDSU, Q301-HD) pulsed laser ( nm, 30 ns FWHM) operating at 50 kHz to create the bottom plate electrodes. This was done by direct ablation, requiring no lithography, etching or evaporation steps using a galvanometric beam scanner (SCANLAB, hurrySCAN10) with a telecentric lens ( cm). The laser scanning speed for ITO patterning was 15 cm/s using a 10 m diameter laser spot with a typical laser ablation fluence of 4 J/cm . When fabricating a multi-color device, both sides of a double-sided ITO plate were patterned simultaneously using this laser ablation technique.
As seen in Fig. 2 , by selectively removing the ITO from the glass substrates, two electrodes were isolated to provide control of the motion of fluid into channels and onto pixel surfaces. Next, a thin ( m) SU8 dielectric layer (MicroChem) was spin-coated on the surface, soft-baked on a hot plate, flood exposed using an i-line (365 nm) mercury lamp (Oriel, model# 87435) with an exposure energy of 400 mJ/cm , and post-exposure baked. The electrowetting pixels were also fabricated using SU8, which was spin-coated on top of the cured dielectric layer, resulting in 22 m thick pixel structures. They were then soft-baked and exposed using a chrome mask also with a dose of 400 mJ/cm . The masks used in this work were fabricated in-house using a laser pattern generator (Heidelberg, DWL66). The sample was then post-exposure baked and the features were developed in an agitated solution of SU8 developer, followed by an IPA rinse. This lithography process was repeated on the opposite side of the substrate such that two devices could be aligned on top of each other on one doublesided ITO-coated glass substrate. The final layer applied was a hydrophobic coating (Asahi CYTOP 809M) diluted 1:3 with CT-SOLV180 solvent. The CYTOP coating was spin-coated to yield a 120 nm thick layer on both sides, then the entire sample was baked in an oven at 200 C for 30 min to fully cure the SU8 and enhance the adhesion of the CYTOP layer. Kapton HN spacers (250 m thick) were then subsequently glued to the top unpatterned ITO electrode plates. These plates were then coated with CYTOP and hard baked in an oven at 200 C for 30 min.
The devices were dosed underwater using a syringe filled with colored oil, relying on capillary action to fill the channels. The devices were sealed together using a UV epoxy (Loctite 352), resulting in a total device thickness of 2.4 mm. The oil-based dyes used in these experiments are commercially available from Keystone (Automate HF series). The dyes were purified and prepared according to a recipe previously found in the literature [15] . The final dyes were dissolved in dodecane, which serves as the nonpolar medium. The device backplane reflector used for optical measurements was a diffuse reflector film (WhiteOptics, White97™). A similar process was employed for the fabrication of the electrodes on the ITO-coated PET substrates and their sealing into functional devices. All optical measurements were done using ac voltage to minimize charge trapping in the dielectric layer and improve device lifetime [16] - [18] .
A schematic of the multi-color EWD can be seen in Fig. 3 . The electrodes were designed such that voltage could be applied underneath the channels and pixels, independently. By fabricating two devices on one center substrate, optical losses due to substrate interfaces were further minimized. The pixels in this study were each 300 m 900 m with a 100 m separation channel, while the total active device area was 25 mm 25 mm for ease of fabrication and compatibility with test equipment fixtures.
The behavior of the resulting samples was characterized using microscopy and spectrophotometry. To capture optical images and video of the devices in operation, a digital microscope (Keyence, VHX-1000) was used. To measure their optical properties, a UV/Vis spectrophotometer (Jasco, V-670) was used. The contrast ratio was determined by measuring reflectance using an integrating sphere (Jasco, ISN-723).
IV. RESULTS
Several images can be seen in Fig. 4 depicting one typical device in all four modes of operation. Because each device is fabricated on separate sides of the substrate, they can be actuated separately, making red, blue, purple and white pixels possible. The device after dosing without actuation of either color can be seen in Fig. 4 (a) resulting in white pixels, reflecting the white backplane. All images of colored pixels were captured after an initial actuation of 100 V at 1 kHz on the channel electrode, showing the bistable state of each color after actuation. Fig. 4(c) shows the red state after actuation, Fig. 4(d) shows the blue state after actuation, and Fig. 4(b) shows both states after actuation, resulting in purple pixels.
The bistable nature of the pixels during each stage of actuation can be seen in Fig. 5 . These images also show the device on a larger scale, focusing on a larger portion of the device instead of individual pixels. The devices tested for these studies were fabricated to achieve a 2.5 cm 2.5 cm active area; however, we have successfully demonstrated a larger active area reliably up to 5 cm 7.5 cm, and a proof-of-concept prototype measuring 10 cm 10 cm.
The ability of these devices to function successfully as displays relies on two important optical properties. The first being the contrast ratio, which can be defined as the change in reflectance between the actuated and non-actuated state of the pixels and the second being the white state reflectance. Because EWDs do not inherently have a back-light source and rely on ambient light alone, when operating in reflective mode, the white state reflectance of the device is crucial. Current electrowetting display technologies aim to achieve a high white state reflectance, similar to that of printed paper. For the devices fabricated in this work, the field of view used for the optical measurements was 5 mm , which equates to roughly 100 pixels. Reflectance was measured at 1 nm intervals on a multi-color, bistable device dosed with red and blue colored oils. For clarity, data for the colored pixels (red, blue, and purple) were normalized to the reflectance of the white state at each wavelength.
A maximum white state reflectance of 40% was observed before actuation and before data normalization. The measurements, seen in Fig. 6 , indicated a contrast ratio of 3.92 at a wavelength of 418 nm for purple ink. This value was calculated as the ratio of the white state reflectance compared to the purple state reflectance at the specified wavelength. (In the case of normalized reflectance, and ) The contrast ratio and white state reflectance are determined primarily by the geometry of the pixels, the optical density of the oils, and the reflectivity of the device backplane. In addition to contrast ratio and white state reflectance, the bistability lifetime is critical in determining the efficiency of the EWDs. The bistability lifetime is a measurement of how long the pixel maintains its state after switching and power has been removed. To measure this quantitatively, the UV/Vis spectrophotometer was set up to collect data continuously (50 Hz) at a single wavelength, which was chosen to correspond to the peak response of the device. A single layer device was fabricated and dosed with red ink for this study and measured at 514 nm. By using this technique, any degradation of the bistable state is measured, giving insight into the efficiency of the design. The off state of the pixel shows a reflectance of 40%, where all the ink remains in the channel, unactuated. Once voltage is applied to the channel electrode, the ink undergoes a transient state, where ink beads up on the surface of the pixel remaining over the pixel electrode, causing the reflectance to temporarily spike. When the voltage is removed, the ink relaxes onto the pixel surface, resulting in a sharp decrease in reflectance. It can be seen in Fig. 7 that the reflectance remains stable at 22% for one hour. We have been able to verify qualitatively that the pixels remain bistable for significantly longer, on the order of days, and possibly longer. It should be noted that the pulse width used to switch the device was on the order of 1 s, which was chosen for experimental convenience. To determine the shortest pulse width and the ideal pulse shape that would produce the fastest switch, further testing is required.
To determine the energy required to switch the device, its capacitance was measured at 10 kHz using a semiconductor characterization system (Keithley, 4200-SCS). In addition to measuring capacitance of the device, the reflectance of the device was concurrently measured using a photodiode. Capacitance as a function of voltage for a device operating with blue ink can be seen in Fig. 8 , along with reflectance data showing the pixels switch. The arbitrary reflectance data has been normalized from 0 and 1 using the minimum and maximum values obtained. This reflectance data is not meant to imply a switching capability of 0 to 100%, but rather to give insight into the switching behavior in relation to a change in capacitance. By ramping a DC voltage from 0 to 100 V in 2 V steps, the device was switched on at 80 V. It is seen that the capacitance increases by a factor of 3 at around 80 V, when the device switches. This switch is captured by a change in reflectance, where the on-state reflects less of the white backplane resulting in a decrease in reflectance. There is a slight temporary increase of reflectance during the switch (at V), which can be attributed to a transient state experienced by the oil as it beads up on top of the pixel and then relaxes once switching is complete.
The energy required to switch the device on is 3.3 J/in and was calculated using the following equation: (1) where is the capacitance of the device, evaluated at V. In addition to the energy required to switch pixels, there is energy lost in the system through leakage current during switching. This energy consumed is calculated using (2) where is the resistance at and is the time required for the device to switch. This leakage current results in an additional 60.1 J/in required to operate the device. This value was calculated using a switching speed of 36 ms, which corresponds to the fastest rate at which our camera could capture video data. Because the pixel switches faster than this time, it can be assumed that this leakage energy required is a maximum value and is actually likely smaller. By accounting for the switching energy required and energy lost through leakage current, the total energy consumed when switching the device is J/in .
V. DISCUSSION The ability to fabricate bistable, multi-color displays with improved geometric contrast compared to current existing technology [4] represents a significant step forward in the design of efficient EWDs. The bistable nature of the pixels can be primarily attributed to the unique configuration used. The physical mechanism driving the electrowetting behavior in this system can be attributed to both electromechanical forces acting on the liquid in conjunction with induced contact angle changes due to Young-Laplace pressure [18] - [22] . When the oil is initially introduced into the device, it wicks into the channel via capillary action due to the thin hydrophobic coating. Once the oil settles into the channels, the radii of curvature between the oil and water is determined by the Young-Laplace pressure between the fluids. This leaves the oil to form a convex layer at the top of the channel, with water bowing inward. When voltage is applied to the channel electrode, the water is pulled toward the bottom of the channel, moving first at the center of the water bulge because it is closest to the bottom electrode and thus experiencing a stronger electric field. Once water makes contact with the bottom surface, it is further pulled across the surface due to electromechanical forces induced as the contact angle changes. Because the oil is non-polar, it does not respond to applied voltage and is simply influenced/controlled by the shift of the water moving in accordance to the voltage. While the water moves, the oil is displaced onto the pixel surface, where it remains once the driving voltage is removed. The water remains in the channel after the voltage is removed because it would require energy to move back onto the pixel surface. Even though the channel surfaces are hydrophobic, the water would need to overcome the physical barrier at the edge of the pixel surface and create a new interface between the oil and water. The oil forms a thin layer over the surface of the pixel, creating a stable low surface tension interface. Because the contact angle of the oil surface interface in a water medium is less than 180 , the oil is prevented from creeping along all the device surfaces. This water/oil surface tension contributes to the stability of the oil irrespective of the surface it occupies.
A similar mechanism describes the reverse motion of the fluids, where water displaces oil into the channels when a voltage is applied to the pixel electrode. Typical electrowetting cells comprise of either a single well where the actuated fluid is in contact with the solid surface directly above the electrode [4] or consist of geometries that can be modeled similarly to the motion of capillary rise [5] . Because the water in our system is moving against oil, which is a deformable, free surface within a confined channel, modeling the response of each fluid turns out to be rather complex. Thus, a more detailed description of the physical mechanism of fluidic motion, while needed, is beyond the scope of this study.
The ability of the devices to exhibit bistability and, at the same time, display multiple colors can be attributed to the unique, planar electrode design. This allows for a configuration where oil can be displaced out-of-plane using an in-plane electrode, which is significantly simpler to fabricate using laser-based direct-write techniques without the need for evaporation steps. By using a configuration where liquid is displaced out-of-plane, bistability becomes possible. Once oil is displaced upon actuation, it becomes energetically unfavorable for the oil to change positions, giving rise to stable states that require zero power to maintain. This result is a considerable achievement in the pursuit to design and build low-power, high efficiency reflective displays.
This device design is also particularly attractive in that it achieves multi-color pixels, without the use of color filters, which decrease the contrast ratio dramatically. Traditional LCD technology typically uses three color filters per pixel, which decreases the brightness by 1/3. In addition, 50% of pixel light is lost due to the inherent nature of LCD operation which utilizes polarizers. By stacking devices instead, the contrast ratio is determined by the geometry of the structures, including channel and pixel dimensions. Therefore, the display brightness does not decrease nearly as dramatically as with the use of color filters. Thus, all losses are only due to geometric constraints leaving some undesired oil exposed at all times and the optical losses through the various devices layers (e.g., ITO, dielectric, hydrophobic coatings).
For EWDs to be competitive with other display technologies, such as LCDs or plasma displays, they must be capable of operating at video speeds ( 30 ms). Several groups report variants of electrowetting-type displays that achieve video speed switching [23] , but none that are also bistable and at the same time, multi-color. Individual pixels were observed to switch between two single frames of the video capture, which was done at 28 fps (or 36 ms). Thus, the switching speed of an individual pixel was determined through video capture to be 36 ms. The switching time revealed in Fig. 7 can be thought of as an average device switching time. This data was collected over a large active area of 5 mm , which encompasses roughly 100 pixels. This result leads us to believe that with optimization of the design and fabrication processes, these EWDs have the potential for video display applications.
It is important to note that the voltage requirements to switch the pixel on and off are different. In the case of moving oil from channel to pixel surface, the voltage required is, in part, determined by the thin dielectric gap at the bottom of the channel, which in this case is 3 m. To move oil from the pixel surface to the channel, the voltage is applied to the pixel electrode, which has a dielectric thickness of 22 m. Therefore, a larger voltage is required to move oil into channels as opposed to the pixel surface. For ease of experimental setup and testing, a single higher voltage was used to drive the display both on and off, even though the switching voltages were not necessarily the same. By making the 22 m pixel thinner, several advantages could be gained, including faster switching time because the fluid does not need to move as far and its displacement can be achieved at a lower driving voltage. However, by making the pixels thinner, less oil can move into the channel reservoir, resulting in a lower overall contrast ratio.
The ability to display multiple colors and switch at video speeds is critical for EWDs to become viable as alternatives to current display technologies. However, the true advantage of this EWD lies in its low power consumption. As calculated previously, the total energy required to switch the device is 63.4 J/in . This value can be reduced significantly by using a different dielectric layer in the device, such as Parylene HT. By doing so, the operating voltage of the device can be reduced dramatically, which would reduce the energy required to switch and also reduce the energy lost through leakage current.
The current electrode design for the demonstrated devices requires that all pixels be switched simultaneously in a lumped mode. The ability to individually address each pixel is essential in achieving a functional display. To achieve individual pixel addressability, the electrode design could be modified into a row/column configuration, where the bottom electrode is patterned into individually addressable rows. The top electrode would then be patterned into columns and aligned on top of the bottom device. With this design, there would be twice as many rows as columns to allow for both channel and pixel surface actuation. While this electrode design would allow for individual pixel operation, it might also lead to image distortion, which could become problematic. Because the oil reservoir is shared across the entire device, when a single pixel is switched, the fluid motion affects surrounding pixels that are not intended to switch. Finally, the large gap ( 250 m) between the top and bottom patterned electrodes in the present design could also contribute to image distortion when operating the pixels individually.
Traditionally, EWDs have been fabricated using multi-step lithography processes and in certain cases, have been paired with evaporation techniques to deposit electrodes onto the surface of pixel structures [5] . The use of laser-based direct-write techniques offers several advantages over traditional fabrication techniques. Because the multi-layer design relies on fabricating devices on both sides of the same substrate (Fig. 3) , alignment between the two patterns is crucial for optimal contrast and performance. By applying laser-based techniques, the fabrication of electrodes on both sides of the same substrate can be done in one single step without loss of alignment. This is accomplished by focusing the laser beam at the center of the glass substrate, whereby the electrodes can be patterned on both sides of the substrate simultaneously due to the transparent nature of glass at UV wavelengths and the long depth of focus provided by the telecentric lens used with the galvo scanning mirrors. This method allows for the inherent self-alignment of both device electrodes, without the need for fiducials or alignment fixtures. The time needed to ablate one double-sided ITO plate over a 25 mm 25 mm area is 5 min, which is significantly less time than needed to make lithographic masks and complete all patterning and etch steps required. This ablation time could be minimized through an optimization process using higher laser fluence, which would decrease patterning time. In addition, while the pixel structures were patterned using traditional lithographic methods, consisting of flood exposure using chrome masks, maskless laser lithography has been demonstrated for this application. In this case, the same 355 nm laser used to pattern the ITO electrodes is used to expose the SU8 photoresist layer, eliminating the need for additional masks and alignment steps. Furthermore, by designing in-plane bottom electrodes, the need for vacuum processes, namely evaporation of a metal electrode layer, is eliminated. Current display applications call for thinner, lighter, and more flexible displays at relatively low manufacturing cost, making our fabrication methods appealing because they offer reduced complexity, cost, and time spent on fabrication of EWDs.
Our fabrication process is also entirely compatible with flexible substrates. We have successfully demonstrated bistable electrowetting devices on ITO-coated poly(ethylene terapthalate), or PET, substrates in place of glass, making the device fully flexible. An example of this device using PET for both the top and bottom substrates can be seen in Fig. 9 . The fabrication process for these flexible devices is nearly identical to that of rigid, glass devices, including laser patterning of the bottom substrate. However, the PET exhibited some shrinkage during lithography heating steps, so the substrates were "pre-shrunk" by an initial heat treatment to prevent the laser patterned features from changing size. The operation of the flexible devices proved to be similar to that of glass devices, where full switching and bistability is observed. Because of this result, in principle, laser direct-write techniques could be used to manufacture EWDs on a larger scale. The flexible devices included a 250 m Kapton HN spacer for structural support, similar to that of the rigid device. However, to scale-up the flexible devices, spacers will need to be incorporated throughout the active area instead of simply around the perimeter due to bowing of the PET surface when flexed. In addition to the use of flexible substrates, future device fabrication could lead to larger active areas, higher contrast, and a more robust color palette. Here as well, different dielectric materials could be utilized to minimize the voltage required to drive the device.
There are several aspects of this study that would benefit from further experimentation. The geometry of the pixels, including pixel dimension and pixel height as well as channel depth, can greatly impact the operation of the device. By altering these parameters, the switching speed and reversibility of the oil can be optimized. The contrast ratio strongly depends on the channel width; the narrower the channel, the higher the contrast ratio. However, in reality, the channel width is limited by the physical constraint of capillarity and fluid properties. When the channel width is too narrow, the device is not "dosable", meaning oil does not wick into the channels. Because of this, there is an upper limit on how high the contrast ratio can be made by altering the geometry of the pixel. In addition, the resolution of the pixels can be enhanced by making the pixel surface area smaller. However, because the channel width has a lower limit (on the order of 25 m), the resolution of the pixel is limited even when the pixel surface is decreased. This is an inherent limitation of our chosen configuration and could be improved by modifying the device geometry.
In addition, the geometry of the electrode pattern is critical to the speed at which the pixels switch when actuated. Here, the electrode isolation lines follow the outline of the rectangular pixel but have one corner notched off. This was implemented to help 'guide' the fluid onto and off of the pixel surface. This electrode design can be altered to optimize the speed at which fluid moves and also improve the reversibility of the fluids. Ideally, all of the oil would move to and from the channels upon actuation; however, some residual ink tends to remain on the pixel surface, causing the contrast ratio to degrade with cycling.
The bistability lifetime can be improved by investigating different oils and finding the ideal physical properties of the fluidic system, including tailoring the interfacial tensions of the fluids, which has been shown to decrease operating voltage and increase switching speed [19] . In addition, further designs must be investigated to address the possibility of more than a four color configuration. It should be noted that for the devices described in this study, a nominal voltage of 100 V was required, due to the use of thicker layers ( 3 m and 22 m) of SU8 as dielectrics. The selection of SU8 for this work was based on its compatibility with our laser patterning techniques, improvement in device stability and ease of processing. However, it is known that using thinner layers of other dielectric materials, such as Parylene HT, can dramatically reduce the operating voltage [24] . In future work, we plan to investigate the performance of our devices fabricated with thinner Parylene HT dielectric layers.
A final property that is essential for fully functioning displays is the ability to produce grayscale colors. Because the primary focus of this research was to produce multi-color, bistable pixels, grayscale operation was not investigated. Therefore, with the current electrode and pixel configuration, grayscale operation is not possible, rather just four distinct color operation modes. However, with smart use of electrode patterning, the device could be made to operate in partial grayscale mode. One could imagine having discrete electrode 'steps' that could pull liquid onto the pixel surface in incremental levels. While this is not true grayscale, it represents a potential step toward a more continuous color-mode operation, instead of simply distinct 'on or off' color choices. These ideas would benefit from further experimentation and testing to determine the true capability to incorporate grayscale operation into the current electrowetting devices.
VI. CONCLUSION
The desire to produce displays that have high contrast, wide viewing angles and low power consumption have lead to the research and development of electrowetting displays. Here, we use a combination of lithographic and non-lithographic laser-based direct-write techniques to demonstrate multi-color, bistable EWDs based on a novel planar electrode design that makes it energetically unfavorable for the moving fluid to change states when the voltage is off. By judiciously designing the geometry of the planar electrodes to take advantage of the fluid interfaces generated at physical edges, we have fabricated, and characterized multi-color electrowetting displays that exhibit bistability. The lifetime of the bistable states is greater than several days, indicating that these EWDs could operate with significantly reduced power consumption. The current contrast ratio of 3.92 and white-state reflectance can be further improved with design and materials optimization. Demonstration of multi-color pixels that are also bistable is an achievement that will lead to further developments aimed at reducing the power consumption of EWDs.
